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Introduction 44
Context

45
There is abundant groundwater in Africa; more than 100 times the annual renewable 46 freshwater resource and 20 times the amount of freshwater stored in lakes (MacDonald et al., 47 Survey evidence shows that smallholder farmers prefer GWI (Abric et al., 2011; Giordano et 75 al., 2012; Villholth, 2013) .
77
The global area equipped for irrigation has been estimated (Siebert et al., 2010) as 301 Mha,
78
of which 38% depends on groundwater. In SSA the extent of GWI is much less with only 6%
79
of the irrigated area reported by Siebert et al. (2010) and 10% by Giordano (2006) (Giordano, 2006; Frenken, 2005 (Chokkakula and Giordano, 2013) and there is an urgent need to develop capacity for the 89 state to function in a dual role as facilitator and regulator of GWI. We argue that it is 90 important to focus this effort on shallow groundwater resources which are most likely to be 91 used by poorer rural communities in SSA. In the past few decades in Asia, a paradigm shift has occurred in irrigation practice, such that 95 distributed irrigation using privately owned wells and small motorised pumps has expanded 96 rapidly. This development has enabled smallholder farmers to diversify their farming systems 97 and grow high-value crops for the market. There is growing, but patchy, evidence that a 98 similar 'irrigation revolution' is happening in SSA (Dessalegn and Merrey, 2015) .
100
Irrigation does not currently play a major role in African agriculture; the area equipped for 101 irrigation as a percentage of total cultivated land is 19.4 % globally, but only 3.3% for SSA 102 (Siebert et al., 2010) , where agriculture remains almost entirely rainfed (You et al., 2010) .
small-scale irrigation development. They found that small-scale irrigation offered far greater 108 potential than large scale; offering five times the expansion potential and double the 109 estimated rate of economic return. GWI can make an important contribution provided that the 110 focus is on shallow groundwater using technology that is accessible to small-scale farmers.
112
A simple typology of GWI is suggested by Villholth (2013) in high-value, market-oriented production (Shah et al., 2013) and women often play a 116 prominent role (van Koppen et al., 2013) . 
Shallow groundwater: anticipated constraints
118
Shallow groundwater is accessible to small-scale farmers with simple technologies for well 119 construction and water lifting and offers the best opportunity to develop low-cost GWI.
120
However, it is important to consider constraints since shallow groundwater resources are 121 likely to be vulnerable to over-exploitation and climatic variability. Villholth (2013) and also because of available technology for well construction, groundwater at depths of 50m 245 or 60m cannot be regarded as easily accessible for small-scale irrigation. We therefore 246 adopted a working definition of <20 m depth as also adopted by Villholth (2013) . In the case of human power, a reasonably fit human can sustain a power output of 75W 266 (Fraenkel, 1986) . The type of water lifting device makes little difference to power 267 requirement, but does affect ability to sustain it for long periods. The pumping rates which 268 can be achieved assuming a water lifting device with 50% efficiency are shown in Table 1 . In 269 the case of animal power, capabilities of draft animals vary (Fraenkel, 1986) . Assuming again 270 50% efficiency, Table 2 shows the pumping rates which can be achieved for various animals. effort to irrigate an area of 0.1ha. This is consistent with expected limit on total human power 324 input of 250 to 300 Wh per day (Fraenkel, 1986 A well yield of 3.6 m 3 /h is equivalent to continuous pumping at 1 l/s, which is a low rate for 339 efficient irrigation. Pumping to an above-ground storage tank will offer an improved system.
340
Modular drip irrigation kits (Burney et al., 2013) 
377
The river flow data were processed to identify baseflow using a standard flow separation 378 method (Tallaksen and van Lanen, 2004 Loamy soil underlain by sandy clay to depth of up to 4m. Regolith layer reaches 1.5m thick.
428
Localised pyroclastic fan deposits. High probability of well yield > 1 l/s. the mean value is as would be expected. A summary of the results is presented in Table 4 .
465
They confirm that well yields of 1 l/s are achievable. Annual water balance components for the Kilti catchment are summarised in Table 5 and   502 shown in Figure 6 . The catchment receives about 1600 mm/year of rainfall, of which about 503 200 mm/year enters the groundwater as recharge, discharging to the river as baseflow and 504 with a similar amount of rapid runoff contributing to a total river flow of about 400 mm/year.
505
It can be seen that the wettest year (rainfall 1960 mm) yields 12.8% baseflow, whereas the 506 driest year (rainfall 1350 mm) yields 15.8% baseflow. The lowest value of baseflow is 82% 507 of the mean baseflow which suggests a degree of buffering and indicates that groundwater is 508 available even in a very dry year. Table   514 6 and shown in Figure 7 . The shape of the annual Kilti hydrograph follows that of the annual 515 precipitation cycle. It can be seen that baseflow does not begin to recover until June, thus Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2015 Discuss., doi:10.5194/hess- -549, 2016 Manuscript under review for journal Hydrol. Earth Syst. 
Discussion
532
In the past few decades in Asia, a paradigm shift has occurred in irrigation practice, such that 533 distributed irrigation using privately owned wells and small motorised pumps has expanded 534 rapidly. This development has enabled smallholder farmers to diversify their farming systems 535 and grow high-value crops for the market, thus bringing livelihood benefits whilst posing 536 challenges of resource management and governance. There is growing, but patchy, evidence 537 that a similar 'irrigation revolution' is happening in SSA (Dessalegn and Merrey, 2015) .
538
There is an expanding literature on smallholder groundwater irrigation in SSA (Giordano, 539 2006; Giordano and Villholth, 2007; Siebert et al, 2010; Pavelic et al, 2013; Villholth, 2013; 540 Altchenko and Villholth, 2015) . The focus has generally been on assessing potential at 541 country level and, as identified by Dessalegn and Merrey (2015) , there is a need for these 542 broad evaluations to be supplemented by "localised and detailed assessments". The case 543 study presented here for Dangila woreda in Ethiopia is an attempt to deliver such an 544 assessment. It would be unwise to generalise from this case study to the whole of SSA, but as 545 with the study of Fogera woreda, presented by Dessalegn and Merrey (2015) , useful insights 546 into the wider issues are revealed by the localised case study approach.
547
This detailed case study has explored the feasibility of exploiting shallow groundwater for 548 small-scale irrigation over a range of rainfall conditions. Variability of rainfall (9% to 96% 549 probability of non-exceedance) does not translate into equivalent variability in groundwater 550 levels and baseflow. Groundwater levels observed in most shallow wells persist into the dry 551 season to at least the end of December, indication that water is potentially available for 552 irrigation use during the period after the cessation of the wet season (typically mid Oct).
553
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